Neutrophile elastase has the capacity to degrade elastin, a protein found in the connective tissue of the lungs. Unchecked elastase leads to pulmonary pathologies. Therefore, the development of elastase inhibitors is currently actively pursued in the therapeutic field. Several triterpenoids have been reported as inhibitors against elastase or its release. Such compounds could be valuable for the design of new drugs. This review is aimed at giving a comprehensive insight into the recent work performed in the field of triterpenoid-induced elastase inhibition.
Neutrophils are essential primary cellular mediators of inflammation. Their critical involvement in chronic inflammatory lung diseases such as chronic obstructive pulmonary disease (COPD) in stable and exacerbated phases, bronchiectasis, cystic fibrosis, acute respiratory distress syndrome, and non-eosinophilic bronchial asthma is now well established [1, 2] . Neutrophil elastase (NE, EC 3.4.21.37) is a 29-kDa serine protease stored in large quantities in neutrophil cytoplasmic azurophilic granules, together with two other proteases: proteinase 3, and cathepsin G [3] . The NE catalytic triad is composed of serine, histidine, and aspartic acid residues. High levels of extracellularly discharged and unopposed NE considerably contribute to the pathogenesis of most chronic inflammatory lung diseases [4] . Among NE endogenous regulators are alpha-1 antitrypsin ( 1 -AT), secretory leukoprotease inhibitor, and 2-macroglobulin [5] . Despite the intensive efforts of the pharmaceutical industry, Silvelestat is the only synthetic NE inhibitor that has received clinical approval for the treatment of NErelated respiratory failure, so far [6] . However, this has been limited only to Korea and Japan. In fact, Silvelestat's efficacity is dramatically hampered by its poor pharmacokinetics, its toxicity and the necessity to administrate it by injection [7] . Therefore, identification and design of efficient, selective, and safe NE inhibitors still remain a challenge where natural products could be used as a source of inspiration [8] . Efforts aimed at discovering triterpenoids as NE inhibitors are the topic of the present review.
Ursolic acid (1), a ubiquitous ursane-type pentacyclic triterpenoid in the plant kingdom, has been repeatedly isolated from various plants of diverse phylogenetic origin and taxonomic position [9] . Through different mechanisms ursolic acid possesses a potent antitumorigenic effect [10] . It can also interfere with inflammatory response systems [11] . Ursolic acid is also a potent NE inhibitor (K i 4.4-13.3 M) that could act in either a competitive or noncompetitive manner depending on the substrate size [12] . Ursolic acid, for which an IC 50 value of 4.4 M was latter reported [12] , would likely be an allosteric NE inhibitor binding subsites S 3 -S 5 of the enzyme [12] . Ionic bonding involving the C-28 carboxyl function of 1 and alkaline residues located in the S 5 subsite could be critical to stabilize the enzyme-inhibitor complex [12] . Such a hypothesis is reinforced by the low inhibitory properties of amyrins, two ubiquitous isomeric triterpene alcohols. -Amyrin (2) has been categorized as either a weak [13] or moderate [14] inhibitor, whereas -amyrin (3) has been shown to present a complete lack of inhibitory activity toward NE [15] . In this later study, lupeol (4), a triterpene-related sterol, was also found to be devoid of NE inhibitory activity [15] , whereas it was surprisingly reported to be a strong NE inhibitor with an IC 50 value of 1.9 M in a different study [13] . 
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However, acetylation of the 3-position of 4, which led to compound 5, resulted in a strong decrease in NE inhibition [13] . Additionally, neither lupeol palmitate (6) nor linoleate (7) showed an inhibitory effect on elastase [16] .
Betulinic acid (8) is a natural lupeol-modified derivative with a carboxylic acid function substituting its C28-position. In two independent phytochemical studies aimed at isolating natural cosmetic additives from dogwood (Cornus kousa) [17] and Callistemon lanceolatus [18] , betulinic acid was found to be a moderate NE inhibitor presenting an IC 50 value of 23 M [17] or 47 M [18] . Interestingly, esterification of the 3-OH group of 8 leads to a strong increase in NE inhibition and pyracrenic acid (9) , the E-3,4-dihydroxycinnamoyl ester of 8, isolated from evening primrose (Oenothera biennis) oil, efficiently inhibits NE. Its IC 50 value has been reported to be 2.4 M [18] or 0.32 M [19] . The presence of an ,-unsaturated ester moiety (Michael acceptor) in 9 is likely to be responsible for its good inhibitory property since it is a target for the nucleophilic Ser 195 residue in the NE active site.
As with 4, the triterpene-related -sitosterol (10) did not present any noticeable NE inhibitory property [13] . Uvaol (11) is another ursane-type pentacyclic triterpenoid. Compared with 1, it lacks the C-28 carboxyl group that is replaced by a primary alcohol function. Therefore, 11 is a 3,28-diol. Uvaol is a moderate NE inhibitor (K i 15.7 M) [12] . Its reduced NE inhibitory capacity, compared with 1, is likely to be the result of the lower affinity of 11 for NE due to the lack of ionic stabilization in the S 5 subsite [12] . -Boswellic acid (12) is an ursane triterpenoid whose carboxylic acid is located at the 24-position. Possibly due to this difference in oxidation location, 12 is not as an efficient NE inhibitor as 1 [20] . However, 3-acetyl-11-keto--boswellic acid (13) whose carboxylic acid is still located at the 24-position is a good NE inhibitor that presents an IC 50 value of 15 M [20] . Consequently, pentacyclic triterpenes have been thought to interact with the extended substrate-binding domain [20] that could accommodate various hydrophobic ligands in NE [21] .
Oleanolic acid (14) is another ubiquitous pentacyclic triterpenoid [22] . Conversely to either ursolic acid or uvaol, from a chemical standpoint, 14 belongs to the oleane-type of triterpenes. The pharmacological properties of 14 are numerous and have been recently reviewed [23] .
Oleanolic acid is endowed, among others, with cytotoxic, antitumor, antioxidant, anti-inflammatory, anti-HIV, anti-angiogenic, antiallergic, antiviral and immunomodulatory properties. Oleanolic acid is a NE inhibitor slightly weaker than ursolic acid (K i 6.4 M [12] , IC 50 17.5 M [17] ). Oleanolic acid-induced NE inhibition is thought to result from a mechanism similar to that of ursolic acid [12] . However, pharmacological effects expected from oleanolic acid may also result from a combination of alternative mechanisms, especially those leading to its anti-inflammatory properties. Therefore oleanolic acid efficacy may be higher than that of ursolic acid [12] .
Morolic acid (agauriolic acid, 15) is the 18-19 isomer of oleanolic acid, which is a 12-13 acid. Its E-3,4-dihydroxycinnamoyl ester derivative (16) , isolated from evening primrose (Oenothera biennis) oil, inhibits NE as efficiently as 9; its IC 50 value is 0.32 M [19] . Unfortunately, no IC 50 value has been reported for the E-3,4dihydroxycinnamoyl ester derivative of oleanolic acid due to its scarcity. This makes the establishment of structure activity relationships more complex and explains the limited amount of available data [24] .
The major influence of the presence of an oxidized function on the E-cycle of oleananes could be suggested from the data reported for various triterpenes. Erythrodiol (17) is an oleane-type triterpene whose structure does not contain any carboxylic acid function. It is the analogue of 14 in the oleanane series. Erythrodiol is only a moderate NE inhibitor, roughly as potent as 11 (K i 17.3 M) [12] suggesting that the oleanane and ursane skeletons, per se, present a similar affinity toward NE binding subsites. Importance of an oxidized function at position-28 of oleanane triterpenes was suggested from results obtained with friedelin (18) . Friedelin is a well-studied 3-keto-triterpene [25] that presents no inhibitory properties towards NE [13] . However, canophyllol (28hydroxyfriedelan-3-one, 19) has been reported to be a strong NE inhibitor [13] . Hydroxylation of the 29-position of friedelin leads to 20, a compound that presents no NE inhibitory property [13] .
Nevertheless, the presence of a carboxylic acid function at position 28 of a triterpene, or more generally on the triterpene E-cycle does not necessarily guarantee good inhibitory properties. Indeed, hederagenin (21) is only a weak NE inhibitor (K i 62 M) [12, 20] . 18-Glycyrrhetic acid (22) , whose carboxylic acid is located at position-30, is devoid of inhibitory properties (K i 185 M) [12, 20] . Concerning the influence of the triterpene A-cycle substituents, maslinic acid (23), a 2,3-di-OH triterpene belonging to the oleanane series and whose anti-tumor activity is being currently actively investigated [25] , was recently shown to be a weak NE inhibitor with an IC 50 value of 50 M [17] . In the same study, 2,3,23-tri-OH triterpene isoarjulonic acid (24) was reported to be almost devoid of NE inhibitory property, its IC 50 value being 232 M [17] , whereas arjulonic acid (25) , its epimer at position-3 is a strong NE inhibitor (IC 50 2.4 M) [18] . No additional information regarding structureactivity relationships has been provided to explain the observed changes in inhibitory efficiency as a function of the substituents nature and/or stereochemistry.
In two recent studies, the inhibitory effect of triterpenoids on elastase release from human neutrophils in response to N-formyl-Lmethionyl-L-leucyl-L-phenylalanine plus cytochalasin B (fMLP/CB) stimulation has been investigated. In the first study, oleanolic acid (14) and eight oleanolic acid-containing saponins (26) (27) (28) (29) (30) (31) (32) (33) isolated from the roots of Panax japonicus var. major were biologically evaluated [27] . Oleanolic acid was found to be the most effective molecule with an IC 50 value of 0.75 M. Compounds 26, 28, and 30 were also good NE-release inhibitors (IC 50 value of 1.36, 1.97, and 1.87 M, respectively). Compound 31 was reported to be the weakest inhibitor (IC 50 value of 44.5 M) [27] , whereas for several other saponins isolated during this study, their inhibitory activity on NE-release was only briefly investigated. Consequently, once again, no precise structure-activity relationships could be drawn from the observed inhibition. From the leaves and twigs of Pachycentria formosana, various compounds, including five triterpenoids, were isolated and tested as NE-release inhibitors. These compounds were oleanolic acid (14) , ursolic acid acetate (34), 3-epibetulinic acid (35), 3-O-[(E)feruloyl]ursolic acid (36), and lawsonic acid (37). Even though oleanolic acid was not found to be a NE-release inhibitor as good as in the previous study, compounds 14 and 35 were found to be the most effective NE-release inhibitors with IC 50 values of 4.90 and 1.49 M, respectively [28] . Compounds 34, 36, and 37 inhibited NE-release with similar potency, their IC 50 values calculated as 24.8, 18.6, and 16.1 M; respectively.
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Whereas no clear structure-activity relationships have been established yet, the strong inhibitory properties against NE or NErelease evidenced for some triterpenoids is particularly encouraging and could lead to the design of new molecules in either the therapeutic or cosmetology fields in the near future. Our Laboratory is currently focusing on the former challenge.
